The high-pressure manganese borate α-MnB 2 O 4 was synthesized under high-pressure/hightemperature conditions of 6.5 GPa and 1100 • C in a modified Walker-type multianvil apparatus. The monoclinic compound is isotypic to α-FeB 2 O 4 , CaAl 2 O 4 -II, CaGa 2 O 4 , and β -SrGa 2 O 4 crystallizing with eight formula units in the space group P2 1 /c (Z = 8) with the lattice parameters a = 712.1(2), b = 747.1(2), c = 878.8(2) pm, β = 94.1(1) • , V = 0.466(1) nm 3 , R 1 = 0.0326, and wR 2 = 0.0652 (all data). The compound is built up from layers of "sechser" rings of corner-sharing BO 4 tetrahedra that are interconnected to a three-dimensional network. The manganese ions are coordinated by seven oxygen atoms and situated in channels along the a axis.
Introduction
The application of high pressure in the synthesis of borates allows new insights into the structural and synthetic possibilities of borate chemistry [1] . Via high-pressure synthesis, new polymorphs (e. g. δ -BiB 3 O 6 [2] ), and compounds with new compositions (e. g. β /HP-MB 2 O 4 (M = Fe, Co, Ni) [3 -5] , M 6 B 22 O 39 · H 2 O (M = Fe, Co) [6] ) could be obtained. In the ternary system Mn-B-O, our high-pressure investigations led to the first manganese high-pressure borate β -MnB 4 O 7 [7] , which consists exclusively of BO 4 tetrahedra and is isotypic to β -MB 4 O 7 (M = Fe, Co, Ni, Cu, Zn) [7 -9] .
Under ambient pressure, ternary manganese borates show a variety of compositions. One example is α-MnB 4 O 7 [10] , which exhibits BO 4 tetrahedra and planar BO 3 groups. In addition, there are the manganese borates and oxoborates Mn 3 (BO 3 ) 2 [11, 12] , Mn 3 (BO 3 )O 2 [13] , and Mn 2 OBO 3 [14] with BO 3 units only. In accordance with the pressure-coordination rule, the application of high pressure to borates with BO 3 units could lead to new manganese borates with higher contents of BO 4 tetrahedra, as was proven with the synthesis of β -MnB 4 O 7 [7] . Further systematic high-pressure investigations into the ternary manganese borates led to the α-MnB 2 O 4 presented here, which also consists exclusively of BO 4 tetrahedra. It is 0932-0776 / 11 / 0900-0882 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com isotypic to α-FeB 2 O 4 [15] and CaAl 2 O 4 -II [16, 17] , as well as to the normal-pressure phases CaGa 2 O 4 [18] and β -SrGa 2 O 4 [19] . In this paper, the synthesis, crystal structure and properties of α-MnB 2 O 4 are discussed and compared to the isotypic phase α-FeB 2 O 4 .
Experimental Section
Synthesis α-MnB 2 O 4 was synthesized in a modified Walker-type multianvil apparatus under high-pressure/high-temperature conditions of 6.5 GPa and 1100 • C.
To synthesize α-MnB 2 O 4 , a non-stoichiometric mixture of MnO 2 and B 2 O 3 (Strem Chemicals, Newburyport, USA, 99.9 %) in a molar ratio of 2 : 1 was finely ground and filled into a boron nitride crucible (Henze BNP GmbH, HeBoSint R S100, Kempten, Germany). The crucible was placed into an 18/11-assembly and compressed by eight tungsten carbide cubes (TSM-10, Ceratizit, Reutte, Austria). To apply the pressure, a 1000 t multianvil press with a Walker-type module (both devices from the company Voggenreiter, Mainleus, Germany) was used. The assembly and its preparation are described in detail in refs. [20 -24] .
In order to synthesize α-MnB 2 O 4 , the mixture of the starting materials was compressed to 6.5 GPa within 3 h and kept at this pressure. During the heating period, the temperature was increased to 1100 • C in 30 min, kept there for 10 min, and lowered to 430 • C within 15 min. Afterwards, the sample was cooled to room temperature by switching off the heating, followed by a decompression period of 9 h. The recovered pressure medium was broken apart and the sample separated from the surrounding boron nitride crucible. The compound α-MnB 2 O 4 was found in the form of brownish air-resistant crystals. All efforts to get this compound from a stoichiometric mixture of the educts did not yield any α-MnB 2 O 4 , but it can also be synthesized from a non-stoichiometric mixture of KMnO 4 and B 2 O 3 (6.5 GPa / 880 • C). This reaction leads, due to the additional potassium, to even more side products.
The manganese cations were reduced to the oxidation state 2+ during the synthesis. Such a reduction of the metal ions is often observed in the multianvil high-pressure assembly, and is described in ref. [7] .
Crystal structure analysis
The powder diffraction pattern was obtained in transmission geometry, using a Stoe Stadi P powder diffractometer , and those of at least one additional by-product of the synthesis. The experimental powder pattern tallies well with the theoretical pattern simulated from single-crystal data. On the basis of a monoclinic unit cell, the diffraction pattern was indexed with the program ITO [25] . The lattice parameters (Table 1) were calculated from least-squares fits of the powder data, which confirmed the lattice parameters, received from the single-crystal X-ray diffraction analysis (Table 1) .
To perform the single-crystal structure analysis, small irregularly shaped crystals of α-MnB 2 O 4 were isolated by mechanical fragmentation. The single-crystal intensity data were collected at r. t. using a Nonius Kappa-CCD diffractometer with graphite-monochromatized MoK α radiation (λ = 71.073 pm). A semiempirical absorption correction based on equivalent and redundant intensities (SCALEPACK [26] ) was applied to the intensity data. All relevant details of the data collection and evaluation are listed in Table 1 . According to the systematic extinctions, the monoclinic space group P2 1 /c was derived. Because α-MnB 2 O 4 is isotypic to α-FeB 2 O 4 [15] , the structural refinement was performed via the positional parameters of α-FeB 2 O 4 as starting values (full-matrix least-squares on F 2 ; SHELXL-97 [27] ). All atoms were refined with anisotropic displacement parameters, and the final difference Fourier syntheses did not reveal any significant peaks in the refinement. Tables 2 -5 list the positional parameters, anisotropic displacement parameters, interatomic distances, and angles.
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz- informationsdienste.de/en/DB/icsd/depot anforderung.html) on quoting the deposition number CSD-423381.
Vibrational spectra
The confocal Raman spectra of single crystals in the range of 65 -4000 cm −1 were achieved by a Horiba Jobin Yvon LabRam-HR 800 Raman micro-spectrometer. The samples were excited using the 532 nm emission line of a 100 mW Nd : YAG-laser and the 633 nm line of a 17 mW helium-neon laser. The size and power of the laser spot on the surface were approximately 1 µm and 2 -5 mW, respectively. The spectral resolution was about 2 cm −1 , determined by measuring the Rayleigh line. The dispersed light was collected by a 1024 × 256 open electrode CCD detector. The spectra were recorded unpolarized. Background and Raman bands were fitted by the built-in spectrometer software LABSPEC to second order polynomial and convoluted Gaussian-Lorentzian functions, respectively. The accuracy of the Raman line shifts, calibrated by regularly measuring the Rayleigh line, was in the order of 0.5 cm −1 .
The FTIR-ATR (Attenuated Total Reflection) spectra of single crystals were recorded with a Bruker Vertex 70 FT-IR spectrometer (spectral resolution 4 cm −1 ), equipped with a MCT (mercury cadmium telluride) detector and attached to a Hyperion 3000 microscope in the spectral range of 600 -4000 cm −1 . As mid-infrared source a Globar (silicon carbide rod) was used. A frustum-shaped germanium ATR-crystal with a tip diameter of 100 µm was pressed on the surface of the borate crystal with a power of 5 N, which crushed it into pieces of µm-size. 32 scans of the sample and the background were acquired. Beside the spectra correction for atmospheric influences, an enhanced ATR-correction [28] , using the OPUS 6.5 software, was performed. A mean refraction index of the sample of 1.6 was assumed for the ATRcorrection. Background correction and peak fitting were applied using polynomial and convoluted Gaussian-Lorentzian functions.
Results and Discussion
Crystal structure of α-MnB 2 O 4 The structure of α-MnB 2 O 4 is built up exclusively from distorted corner-sharing BO 4 tetrahedra that form layers in the bc plane. Along [100], these layers are condensed to a three-dimensional network. Fig. 1 gives a view of the condensed borate layers along [010] . As depicted in Fig. 2 , the layers consist of "sechser" rings [29] of BO 4 tetrahedra that form channels along [100], in which the manganese cations are situated. A closer look on the orientation of the BO 4 tetrahedra, building up one ring, reveals that there exists only one topology, namely DDUUDU (D = down, U = up). Fig. 3 shows this topology on a sin- The high-pressure phase α-MnB 2 O 4 is isotypic to α-FeB 2 O 4 [15] and CaAl 2 O 4 -II [16] , [17] ], as well as to the normal pressure phases CaGa 2 O 4 [18] and β -SrGa 2 O 4 [19] . It shows the same topology as the orthorhombic compound BaFe 2 O 4 [30] , which exhibits a different connectivity of the layers, leading to a different crystal structure. Additionally, α-MnB 2 O 4 is closely related to the high-pressure compound CdB 2 O 4 [31] . The cadmium borate also consists of condensed layers of "sechser" rings of corner-sharing BO 4 tetrahedra, but with a different topology. However, all mentioned compounds can be understood as stuffed derivates of the tridymite framework structure.
In α-MnB 2 O 4 , the B-O bond lengths range between 145.7 and 150.0 pm with a mean value of 148.0 pm (Table 4 ). This value is slightly increased in comparison to the average distance of 147.6 pm in BO 4 tetrahedra [32, 33] . The O-B-O angles in the four different BO 4 tetrahedra vary from 104.0 to 114.4 • and average out to 109.5 • (Table 5 ). Fig. 4 shows that both crystallographically independent Mn 2+ ions have a seven-fold coordination by the oxygen ions. The Mn-O distances vary between 208.7 and 267.7 pm and average out to 230.7 pm. This value is in good agreement with the average Mn 2+ -O bond length of 228.3 pm for seven-fold coordinated Mn 2+ in δ -Mn 2 GeO 4 [34] .
The bond valence sums of α-MnB 2 O 4 were calculated for all atoms, using the CHARDI concept (Charge distribution in solids, ΣQ) [35] and the bond length/bond strength concept (ΣV) [36, 37] Despite their isotypy, there are rather large differences in the structures of α-MnB 2 O 4 and α-FeB 2 O 4 . They result from the different ionic radii and the electronic configuration of the metal ions that are also influencing the boron oxygen network. Table 6 compares the different unit cells, the coordination numbers, the ionic radii [43, 44] of the metal ions, and the bond lengths. As expected, the unit cell volume rises with the increased ionic radius of Mn 2+ . A closer look at the lattice parameters a and b (Table 5 ) reveals only a minor difference. In contrast, the lattice parameter c shows a remarkable difference of 16.5 pm. Thus, compared to α-FeB 2 O 4 , the bc layer of α-MnB 2 O 4 is significantly expanded in the c direction. Interestingly, the length of the a axis, which is perpendicular to the condensed layers, even slightly decreases for α-MnB 2 O 4 . In α-MnB 2 O 4 , the M1 holds an increased coordination number (CN = 7) compared to α-FeB 2 O 4 , where it is only six-fold coordinated (the corresponding seventh oxygen ion in α-FeB 2 O 4 has a distance of 301 pm). The increased coordination number in α-MnB 2 O 4 is probably correlated with the larger ionic radius of Mn 2+ , leading to a slight dislocation of Mn1 in the direction of O7 (see Fig. 5 ).
Vibrational spectroscopy
Spectra of the Raman and FTIR-ATR measurements of α-MnB 2 O 4 are displayed in Figs. 6 and 7, respectively. The assignments of the vibrational modes are based on a comparison with the experimental data of borate glasses and crystals, containing BO 3 and BO 4 building units [33, 45 -49] . For borates in general, bands in the region of 800 -1100 cm −1 usually apply to stretching modes of boron which is tetrahedrally coordinated to oxygen [50, 51] . Absorption and Raman bands at 1200 -1450 cm −1 are expected for borates containing BO 3 groups, which do not occur in the structure of α-MnB 2 O 4 . The Raman spectrum (Fig. 6 ) exhibits a dominant band at 615 cm −1 , weaker bands at 665 -719 cm −1 , and weak bands at 832, 875, 962, 1043, and 1132 cm −1 . Bands below 800 cm −1 can be assigned to complex bending and stretching vibrations of the B-O network, Mn-O bonds, and lattice vibrations. In the range of 3000 to 3600 cm −1 , where vibrational modes caused by O-H stretching are expected, no bands could be detected.
In the FTIR spectrum, several groups of absorption bands were observed between 680 and 1135 cm −1 , the region where stretching modes of BO 4 tetrahedra occur. As for the Raman spectrum, no OH or water bands could be detected in the range of 3000 to 3600 cm −1 .
Conclusions
The monoclinic borate α-MnB 2 O 4 is isotypic to α-FeB 2 O 4 , CaAl 2 O 4 -II, CaGa 2 O 4 , and β -SrGa 2 O 4 . It is built up from corner-sharing BO 4 tetrahedra that form a condensed layer structure. The layers consist of "sechser" rings of BO 4 tetrahedra that form channels along the a axis, in which the manganese cations are situated. For the orientation of the BO 4 tetrahedra building up one ring, there exists only one topology, namely DDUUDU (D = down, U = up).
